With increasing resistance development against conventional antibiotics, there is an urgent need to identify novel approaches for infection treatment. Antimicrobial peptides may offer opportunities in this context, hence there has been considerable interest in identification and optimization of such peptides during the last decade in particular, with the long-term aim of developing these to potent and safe therapeutics. In the present overview, focus is placed on hydrophobic modifications of antimicrobial peptides, and how these may provide opportunities to combat also more demanding pathogens, including multi-resistant strains, yet not provoking unacceptable toxic responses. In doing so, physicochemical factors affecting peptide interactions with bacterial and eukaryotic cell membranes are discussed. Throughout, an attempt is made to illustrate how physicochemical studies on model lipid membranes can be correlated to results from bacterial and cell assays, and knowledge from this translated into therapeutic considerations.
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Introduction
Infectious diseases cause millions of deaths each year and result in tremendous socioeconomic costs. Due to increasing antibiotics resistance, effective therapeutic agents are no longer available for an increasing number of infections. Methicillin-and vancomycin-resistant Staphylococcus aureus are well-known examples of this, but also numerous other bacterial strains display extensive antibiotics resistance (1) . As a result of this, there is large current interest in alternative therapeutic approaches, including antimicrobial peptides (AMPs) (2) (3) (4) . AMPs are key components of the innate immune system, forming a first line of defense against invading pathogens. They are ≈10-40 amino acids long, and generally carry a net positive charge (5) .
Many AMPs contain a substantial fraction of hydrophobic residues, frequently appearing in patterns of 1-2 for every 3-4 residues. Consequently, many AMPs form α-helices, particularly when interacting with lipid membranes. These characteristics are motivated by the mode of action of AMPs. Thus, although AMPs affect bacteria in many different ways, including inhibition of cell wall-, DNA-, RNA-, and protein synthesis, as well as of enzymatic activity, the main mode of action of AMPs is disruption of bacterial membranes (2) (3) (4) . The walls of Grampositive bacteria consist of a single lipid membrane surrounded by a thick peptidoglycan envelope, while those of Gram-negative bacteria contain two lipid membranes with an interspaced peptidoglycan layer, the outer membrane containing a high fraction of negatively charged lipopolysaccharide (LPS) (Figure 1 ). Based primarily on studies using model lipid systems, several mechanisms have been suggested for AMP-induced membrane rupture, including packing disruption by a detergency-like mechanism, or through formation of membrane pores/defects of barrel-stave or toroidal type ( Figure 2) (2, 3, 6, 7) . Since barrel-stave pores can only be formed by peptide oligomers, for which hydrophobic and charged residues are precisely spaced to reduce free energy, such pores have only been experimentally demonstrated for a couple of peptides. Toroidal pores, on the other hand, can be formed by a wider range of peptides. After initial binding in the polar headgroup region, the peptide either inserts into the membrane, or induces a positive curvature strain, resulting in the formation of a toroidal pore.
Higher peptide densities at the membrane surface may subsequently cause membrane disruption and micellization (6) . For some peptides, the chemical potential gradient across the bilayer may also result in transient defects due to peptide translocation across the membrane (8) . In addition, lateral expansion of the lipid membrane due to peptide binding to the polar headgroup region allows relaxation of the alkyl chains and causes membrane thinning, further facilitating membrane rupture (9) . Also peptide-induced phase transitions and/or lipid segregation may contribute to AMP-induced membrane rupture (10) .
A crucial factor for any therapeutically relevant AMP is that it is selective in its membrane interactions, thus efficiently killing bacteria and other microbes, but causing limited damage to human cells. Such membrane selectivity is facilitated by composition differences between human and bacterial membranes. Thus, cholesterol is abundant in human cell membranes (≈40 mol%), but replaced by ergosterol in fungal membranes, and absent in bacteria. There are also considerable differences in phospholipid composition. For example, the outer leaflet of erythrocyte membranes is dominated by zwitterionic phosphatidylcholine and sphingomyelin, rendering it essentially uncharged, while bacteria membranes are rich in anionic lipids (11) . In addition, Gram-negative bacteria contain negatively charged LPS (up to 70% of the outer membrane), while Gram-positive bacteria contain lipoteichoic acid. Attempting to take advantage of such compositional differences, considerable efforts have been directed to identifying selective AMPs, e.g., through screening for peptides from various species, through use of combinatorial libraries and quantitative structure-activity relationships, or through identification of AMPs from endogenous proteins (2-4).
Effects of peptide properties on membrane interactions

Peptide length
In analogy to polyelectrolyte and protein adsorption (12) , peptide binding (e.g., to membranes) is expected to decrease with decreasing peptide length due to the increased entropy penalty, per amino acid, on adsorption. For transmembrane pore structures, there is an additional effect of peptide length, as peptides need to match the thickness of the membrane in order to stabilize the pore. There is also a decreased tendency to form ordered secondary structures (notably helices) with decreasing peptide length. Given this, decreased membrane lysis and antimicrobial effect is anticipated with decreasing peptide length. Investigating these effects, Ringstad et al. studied membrane interactions and antimicrobial effects for the peptide series (AKKARA) n and (ARKAAKKA) n (13) . Indeed, peptide-induced bacterial killing was found to decrease with decreasing peptide length, as was peptide-induced liposome rupture, both effects demonstrated to be due to a decreasing peptide binding to lipid membranes with decreasing peptide length.
Analogous effects were observed on truncating the kininogen-derived peptide HKH20 (14) .
Similarly, Deslouches et al. investigated the length dependence of the antibacterial effect of a base motif peptide and found its lytic activity to decrease with decreasing peptide length (15) .
Although less comprehensive regarding underlying physicochemical mechanisms, reduced antimicrobial effects on AMP truncation has been found also by various other investigators (2, 3) .
Note however, that there may also be considerable room for selective truncations of longer AMPs without loosing too much activity, in some cases even reaching improved performance of the truncated variant compared to the initial peptide. For example, several studies have demonstrated that it is possible to truncate the endogenous peptide LL-37 to less than half its length and retain antimicrobial and several other functions (16) (17) (18) . Ultimately, when truncated to become sufficiently short, however, selective membrane-rupturing capacity is lost.
Peptide charge
Since bacterial membranes are rich in anionic phospholipids, increasing the AMP positive charge may result in increased peptide adsorption to, and lysis of, bacterial membranes. Exemplifying this for the C3a-derived peptide CNY21, Ringstad et al. found both peptide adsorption and membrane rupture to increase with peptide positive charge, but to be completely lost on elimination of all peptide positive charges (19) . In parallel, bactericidal effects were drastically reduced on elimination of the peptide positive net charge. That electrostatics provides the main driving force for membrane disruption in these systems was demonstrated also by a drastic reduction in liposome leakage, peptide adsorption, and bactericidal effect with increasing ionic strength. Through titrating histidine groups, some AMPs furthermore display pronounced pH dependence. For example, replacement of lysine and arginine by histidine in (AKKARA) n and (ARKKAAKA) n consensus peptides completely abrogates their antimicrobial activities at neutral pH, i.e., above the pKa of histidine (≈6.0), whereas their antibacterial activity, as well as liposome rupture, is restored at acidic conditions (pH 5.5) (13). In parallel, peptide binding to bacteria and model lipid membranes is significantly enhanced at pH 5.5. Similar pH-dependent antimicrobial activities were demonstrated for the histidine-rich peptide histatin 5 and for peptides derived from histidine-rich regions of high molecular weight kininogen and histidinerich glycoprotein (20) . Similarly, Makovitzki and Shai investigated the pH dependence of lipopeptides with dodecanoic acid-modified LXXLLXXLLXXL peptides (X being H, K, or R) (21) . While the K-and R-containing peptides displayed little pH dependence, the H-containing one showed no antimicrobial activity at pH 7.4 (contrary to the K-and R-containing peptides), but restored activity at pH 5.5. As demonstrated by these and other studies (2, 3) , it is thus clear that AMP binding to negatively charged membranes increases with peptide net charge, as does peptide-induced membrane rupture. However, as demonstrated by Ringstad et al. for the kininogen-derived peptide HKH20, there is a limit to these charge-induced effects at sufficiently high peptide charge density due to a decreased peptide adsorption and membrane insertion (14) .
An analogous reduction in bactericidal activity at very high peptide charge was found by Giangaspero et al. (22) . As for polyelectrolytes, there is thus a decreased adsorption at high charge densities due to the electrostatic penalty of reducing the intramolecular charge distance on adsorption (12) .
It should also be noted here, that while high peptide-membrane charge contrast promotes peptide adsorption to lipid membranes, and frequently also membrane lysis, it may also oppose membrane insertion. For example, increasing the charge in the C3a-derived peptide CNY21 by H->K substitutions was found by electrochemical methods to decrease peptide insertion into DOPC monolayers (23) . Similarly, Strömstedt at al. found that membranes rich in anionic headgroups display higher resistance against melittin-induced rupture than zwitterionic ones (24) .
From fluorescence quenching of the single melittin tryptophan residue by depth-specific doxyl groups, it was demonstrated that the origin of this effect is that melittin penetrates deeper into zwitterionic bilayers, but is electrostatically arrested in the polar headgroup region of anionic ones, particularly at low ionic strength.
Effect of peptide secondary structure
For a range of AMPs, formation of amphiphilic ordered structures (notably α-helices) has been found to correlate to peptide-induced bacterial killing and liposome disruption (2, 3) . A peptide displaying pronounced such helix formation on membrane interaction is LL-37 (16) . Since LL-37 is susceptible to proteolytic degradation, there has been interest in identifying proteolytically stable and less toxic LL-37 variants. Along this line, Sigurdadottir et al. identified the internal sequence GKE21 as a promising peptide which maintains the bactericidal potency of LL-37, but displays lower toxicity (17) . An interesting feature of GKE21 is its ability to form a nearly perfectly amphiphilic helix, where hydrophobic/nonpolar and polar/charged residues are localized on opposite sides. As a consequence of this, helix-induction provides a driving force for peptide binding to, and rupture of, lipid membranes, thus compensating for the effect of truncation and resulting in an overall potency better than that of LL-37. Reducing the helixrelated peptide amphiphilicity through selected D-amino acid substitutions in GKE21 was found to result in reduced peptide binding to phospholipid membranes, as well as decreased peptideinduced liposome leakage and bacterial killing (25) . Similar effects were demonstrated also for the further truncated EFK17 (18) . Also other means for reducing helicity, including proline substitutions, have been found to reduce peptide interaction with phospholipids membranes (26) . Furthermore, decreasing AMP helicity, either by D-enantiomers or proline substitutions, has been correlated to decreased cytotoxicity caused by disruption of eukaryotic cell membranes (22) . Destabilizing helix formation has therefore been suggested as a way to reduce cytotoxicity of AMPs (27, 28) . As demonstrated by Strömstedt for EFK17, however, such toxicity reduction due to helix destabilization may ultimately result in reduction or elimination of antimicrobial effects of such peptides, illustrating that a balance is required also from this perspective.
Peptide hydrophobicity
As discussed above, high AMP adsorption, membrane rupture, and antibacterial effect can sometimes be facilitated by increasing the AMP charge density. However, due to electrostatic screening, highly charged and hydrophilic peptides loose much of their effect at high ionic strength (e.g., at physiological conditions). Furthermore, many important pathogens have a low surface potential, which may be reduced or even reversed, e.g., by alanine modification of lipoteichoic acid, lysine modification of phosphatidylglycerol, and aminoarabinose modifications in lipopolysaccharide (29) . By increasing AMP hydrophobicity, sensitivity to these effects can be reduced. For example, Ringstad et al. investigated selected L substitutions in the C3a-derived peptide CNY21, and found both liposome leakage and bactericidal effect of this peptide to increase with increased hydrophobicity (19, 23) . This, in turn, was demonstrated to be due to a combined effect of increased adsorption and facilitated membrane insertion of the more hydrophobic peptide variant. Similarly, Cornut et al. investigated K/L peptides, and found membrane lysis to increase with peptide hydrophobicity (30) . Hydrophobicity was furthermore demonstrated by Dathe et al. to be of critical importance for KLA peptide activity against Grampositive bacteria (31) , and has also been found to be a key parameter for antimicrobial effect in a number of quantitative structure-activity-relation investigations (2, 3, 28) . However, since membrane binding for very hydrophobic peptides results from poor solvency rather than from peptide-membrane interactions, binding occurs irrespectively of membrane composition, resulting in lysis of both bacteria and human cells. For example, K/L peptides with high hydrophobicity:charge ratios have been found to be even more hemolytic than the bee venom melittin (30) . Thus, AMP hydrophobicity can only be used to some extent to boost peptide potency without loosing selectivity.
End-tagging peptides with hydrophobic moieties
Since membrane rupture scales with peptide incorporation into membranes, hydrophobic modifications represent a frequently used approach to enhance peptide binding to, and rupture of, bacterial membranes, also for low-charged pathogens at electrostatically highly screened conditions at physiological electrolyte concentrations, as well as in the presence of serum, blood, or other anionic scavengers. However, with hydrophobic point mutations, not only mean hydrophobicity changes, but also hydrophobicity-dependent conformational transitions, which complicate the interaction with both lipid membranes and other bacterial wall components.
Furthermore, point mutations may have detrimental consequences for the chemical and enzymatic stability of AMPs, as well as for functions other than membrane-targeted bactericidal affects, including effects on coagulation, complement, and cytokine production. An alternative to sequence-specific point mutations with hydrophobic amino acids is therefore hydrophobic endmodification of AMPs, which may be achieved, e.g., by attachment of an acyl group or a hydrophobic amino acid stretch to the template peptide.
Acyl-containing lipopeptides
Extensively investigated in the context of hydrophobically end-modified AMPs are lipopeptides.
These consist of a linear or a cyclic peptide sequence of either positive or negative charge, with a hydrophobic moiety, e.g., a sterol or a fatty acid, covalently attached (32) (33) (34) (35) . As for non- (36) . In analogy to hydrophobic point mutations, the acyl chain in lipopeptides results in an increased membrane binding and disruption, as well as in increased antimicrobial activity, increasing with the length of the acyl moiety (32, 33) . Investigating related effects for C 14 K n peptides, Jia et al. found that the adsorption of these peptides increased with increasing mean hydrophobicity (Figure 3b) (35) . This is primarily related to an increased lipopeptide binding and membrane insertion for longer acyl moieties, but has also been suggested, e.g., by Avrahami and Shai, to be an effect of the longer acyl chains promoting lipopeptide oligomerization (33) . However, self-assembly has also been found to limit membrane interactions and antimicrobial effects of lipopeptides. For example, Chu-Kung et al. investigated effects of the length of fatty acids conjugated to peptide AKK, and found the antimicrobial activity to increase with fatty acid length, but also that antimicrobial activity is lost when the minimal active concentration is higher than the critical micelle concentration (cmc) of the lipopeptide (37) . In parallel, it was found that at concentrations above cmc, solution self-assembly inhibits peptide membrane binding and antimicrobial effect (Figure 4 ).
Due to the long acyl chains, commonly investigated acyl-containing lipopeptides are exceedingly efficient in their ability to insert into lipid membranes, largely irrespectively of the composition of the latter. Demonstrating this for fengomycin (Figure 5a ), Eeman et al. found this peptide to display very high expulsion pressure also for cholesterol-containing (mammalian-mimicking) and cholesterol/fatty acid-containing (stratum corneum-mimicking) membranes (Figure 5b) (38) . As a result of this, fengomycin inserts readily into both bacterial and mammalian membranes and causes their destabilization. Further demonstrating the efficient, but non-selective, membrane insertion of lipopeptides, Malina and Shai found hemolysis caused by acylated L 6 K 6 to be very high for longer acyl chains (Figure 5c) (39) . Indeed, this lack of selectivity causes many lipopeptides to display substantial toxicity, which has restricted their use to local applications, and to severe indications for which other antibiotics are uneffective, e.g., multi-resistant P. aeruginosa infections in cystic fibrosis (32) .
As for conformational changes, these depend to some extent on the AMP end-modified. For example, Avrahami and Shai investigated magainin variants modified with fatty acids, and found helix induction both on interaction with phospholipid membranes and on conjugation of the peptide to the fatty acid moiety (34) . Similar results were obtained for AKK peptides modified by fatty acid chains by Chu-Kung et al. (37) . In contrast to these readily helix-forming peptides, however, disordered peptides display limited secondary structure induction also on acyl modification, exemplified, e.g., by results from Avrahami and Shai on palmitic acid-modified disordered peptides (34).
End-tagging with aromatic amino acids
Somewhat similar to lipopeptides, end-tagging of AMPs with hydrophobic amino acid stretches offers an interesting approach to achieve high, but selective, AMP activity (40) . Although a number of hydrophobic amino acids may be used as end-tags, W and F are particularly interesting in this context. These bulky and polarizable residues have an affinity to interfaces, and are frequently located close to the polar headgroup region in phospholipid membranes. In the below the polar headgroup region (42) . Through this, W/F residues are able to act as an anchor for the peptide, resulting in increased bactericidal effects and salt resistance. For example, W/F-tagging was found by Schmidtchen et al. to promote binding of the kininogen-derived peptide GKH17 to bacteria, as well as subsequent permeabilization (40) . While bacterial killing by the non-tagged template peptide GKH17 was essentially non-observable at high ionic strength, it increased strongly with the length of the hydrophobic tag (Figure 6a ). In parallel, tagged GKH17 caused release of intracellular material of bacteria, also at high ionic strength, which increased with the length of the hydrophobic tag (Figure 6b ). The biological relevance of these effects was demonstrated ex vivo and in vivo in porcine S. aureus skin infection models. In agreement with these findings, the binding of GKH17-WWW was much higher than that of GKH17 at bacteriamimicking DOPE/DOPG membranes, as was peptide-induced liposome leakage. Mirroring the low eukaryotic cell toxicity of these peptides, peptide-induced leakage of liposomes formed by cell-mimicking membranes (DOPC/cholesterol) was low, as was peptide binding to the corresponding supported bilayers (40) .
In contrast to poorly soluble AMPs and lipopeptides with long alkyl chains, W/F end-tags thus contribute to AMP selectivity between bacterial and human membranes. Demonstrating this further, Figure 7 shows antimicrobial and cell toxicity data for the peptide GRR10W5N (GRR10WWWWW-NH 2 ). As shown, this peptide displays potent antimicrobial potency against both Gram-positive S. aureus, Gram-negative E. coli and P. aeruginosa, and the fungi C. albicans and C. parapsilosis, also at physiological ionic strength. As demonstrated most clearly for the fungi C. albicans and C. parapsilosis, GRR10W4N displays stronger, or much stronger, inhibitory effects than both best-in class benchmarks omiganan and LL-37. At the same time, however, toxicity of GRR10W4N to human cells is limited, with very low hemolysis up to 120 µM, as well as low toxicity towards human keratinocytes. To further demonstrate selectivity between bacteria and erythrocytes, citrate-blood was supplemented with either S. aureus or P. aeruginosa, whereafter peptide was added, and hemolysis and bacteria viable count assays performed on the same sample. Also in such experiments, GRR10W4N was found to display potent antimicrobial effects against S. aureus and P. aeruginosa, but with hemolysis on the same level as the background negative control (43) . For a peptide to be able to insert into the phospholipid membrane, it must overcome the cohesive energy of the latter. Particularly for bulky groups such as W and F, which require substantial area expansion, insertion into membranes containing cholesterol (known to condense lipid bilayers (44) ) is energetically costly. Consequently, the adsorption of tagged peptides is reduced at cholesterol-containing membranes, as is peptide-induced membrane rupture (43) . This difference in membrane interactions in the presence and absence of cholesterol, together with that due to the charge difference between the anionic and zwitterionic membranes, contributes to the selectivity between bacteria and human cells. Illustrating this, Figure 8 shows results by Schmidtchen et al.
for GRR10W5N, demonstrating potent leakage induction of anionic DOPE/DOPG liposomes, but very limited leakage from DOPC/cholesterol ones (43) . In parallel, a higher peptide binding occurs to anionic membranes as compared to zwitterionic ones (Figure 8b) , with cholesterol content and membrane charge density moderating membrane insertion (Figure 8c) . A good agreement between these findings and those on antimicrobial effects and cell toxicity of this peptide (Figure 7) was thus obtained. As further demonstrated in the same investigation, membrane selectivity for this type of peptides is at least partly generalizable, since similar results on liposome leakage induction was observed when replacing the original sequence GRRPRPRPRPWWWW with another charged group (GKKPKPKPKPWWWW), another aromatic amino acid end-tag (GRRPRPRPRPFFFFF), or a similar but different peptide sequence (KNKGKKNGKHWWW).
Finally, we note that in contrast to lipopeptides containing moderate to long alkyl chains, selfassembly seems not to influence membrane interaction of such W/F-tagged peptides. As for surfactants containing aromatic tails, the bulky and polarizable nature of W and F precludes selfassembly, resulting in low aggregation numbers and high critical aggregation concentrations, thus limiting the relative importance of the aggregated state for membrane insertion and defect formation (40) .
Since cost of goods is a limiting factor for AMPs in many indications, reducing peptide length is production. For the kininogen-derived peptides GKH17 and KNK10, potency increased with tag length, correlating to more efficient bacterial wall and vesicle rupture, and to more pronounced LPS binding. End-tag effects remained at high electrolyte concentration and in the presence of plasma or anionic macromolecular scavengers. The tagged peptides furthermore displayed stability against P. aeruginosa elastase, and were potent ex vivo, both in a contact lens model and in a skin wound model ( Figure 10 ).
Through W/F end-tags, which drive selective membrane binding, insertion, and lysis, the remainder of the peptide sequence can be more freely selected to accommodate for other desirable properties, including stability against proteolytic degradation. Apart from Pseudomonas elastase discussed above, W-tagged peptides have been demonstrated to display excellent stability against human leukocyte elastase, as well as staphylococcal aureolysin and V8 proteinase (40) . In parallel, these peptides have been demonstrated to be potent against a range of Gram-positive S. aureus and Gram-negative P. aeruginosa clinical isolates, also in the presence of human plasma and blood, but at maintained low toxicity against mammalian cells. In addition, the peptide RRPRPRPRPWWWW-NH 2 was demonstrated to be effective against a range of "superbugs", including vancomycin-resistant enterococci, multi-drug resistant P. aeruginosa, and methicillin-resistant S. aureus (MRSA) (47) . Thus, W/F-tagging of the cationic sequence RRPRPRPRP generates highly selective AMPs with potent activity against multi-resistant bacteria and efficiency in ex vivo wound infection models.
In addition to selectivity between bacteria and eukaryotic cells, W/F-tagged peptides display selectivity between different eukaryotic cells, of interest for antifungal therapeutics. The basis for this is that while sterols are found in a wide range of membranes from various species, these differ with respect to sterol identity. Thus, while ergosterol and lanosterol are present in the membranes of fungi, protozoa, and insects, cholesterol dominates in mammalian membranes.
Although these sterols are structurally quite similar, their effects on membranes differ. Thus, cholesterol is particularly potent in increasing lipid order in membranes while maintaining fluidity, and provides large mechanical cohesion to membranes (48) . Due to their bulky and polarizable nature W/F-tagged peptides are therefore sensitive to sterol identity as demonstrated, e.g., by Schmidtchen et al. (43) . As exemplified for GRR10W4N, such peptides display potent antifungal effects against Candida albicans and Candida parapsilosis, but simultaneously low hemolysis and toxicity to epithelial cells (Figure 7) . In parallel, peptide-induced liposome rupture is substantial for ("fungi-mimicking") DOPC/ergosterol liposomes, but largely absent in DOPC/cholesterol liposomes, despite comparable peptide adsorption and DOPC/cholesterol and DOPC/ergosterol lipid bilayers (Figure 8 ). Thus, the higher dilatational elasticity of the cholesterol-containing systems prevents peptide insertion, and therefore also membrane lysis.
Although dealing with receptor interactions rather than antimicrobial effects, Ember et al. found that hydrophobic end-tagging increased the biological potency of short C3a peptides (49) . In line with effects of W-tagging on the antimicrobial effects, discussed above, potency of these peptides increased with the number of terminal W residues, W being more efficient than I in increasing peptide biological activity. Although membrane interactions played a role, W-tagging notably promoted specific peptide binding to the C3a receptor. End-tagging by W/F stretches may thus potentially offer a way to promote also more specific peptide docking processes.
Finally, we note that W/F-tagging, while generally applicable, typically has to be "tuned" to the template peptide, e.g., for achieving the desired effect/toxicity profile, or for optimizing membrane interactions. Such tuning is readily done, however, through varying the length of the end-tag, and/or by W->F substitutions. The finer details of such tuning on membrane interactions was investigated by Strömstedt et al., when studying the interplay between electrostatic and hydrophobic interactions for end-tagged heptamers of lysine (K7) and arginine (R7) (50) . Both K7 and R7 were found to be lytic against E. coli, which correlated to the binding of these peptides to bilayers formed by E. coli phospholipids, and corresponding liposome leakage. When W-tagging these peptides, substantial increase in peptide adsorption, membrane lysis, and bacterial killing was observed, also at high ionic strength. Strikingly, the order of membrane lytic potential of the cationic peptides investigated was reversed when tagged, suggesting that tagged and untagged peptides act by different lytic mechanisms, which to some extent counterbalance each other. Thus, while the untagged peptides act by generating negative curvature strain in the phospholipid membrane, the tagged peptides cause positive curvature strain.
Summary and outlook
Although AMPs affect bacteria in numerous ways, their main mode of action is the disruption of bacterial membranes. Consequently, there is generally good correlation between bacteria killing, bacteria lysis, liposome lysis, and peptide adsorption to lipid membranes, providing studies with model lipid systems relevance translating also to the biological situation. Numerous parameters are of importance for AMP-membrane interactions, including peptide length, charge (distribution), hydrophobicity (distribution), and secondary structure. Of particular focus in the present overview, end-tagging with hydrophobic amino acid stretches, notably W and F, provides a facile and flexible approach of general applicability, by which AMP potency can be boosted without causing parallel toxicity effects. W/F-tagging is also applicable for a spectrum of microorganisms, including Gram-positive and Gram-negative bacteria, as well as fungi. This includes also a wide range of "superbugs", including vancomycin-resistant enterococci, multidrug resistant P. aeruginosa, and methicillin-resistant S. aureus (MRSA). Through tag composition and/or length, potency and toxicity can be tuned, e.g., depending on whether the peptide is to be applied in an environment containing serum or not, or depending on the relative need for antimicrobial potency and limited toxicity. This flexibility is attractive from a therapeutic perspective, since it allows AMPs to be tagged to fit the conditions of the indication at hand. Particularly for AMPs not sensitive to infection-related proteolysis, the finding that hydrophobic tagging may be achieved without affecting stability against proteolytic degradation, also opens up applications characterized by high proteolytic activity, such as infected wounds, eye infections, and cystic fibrosis. Importantly, hydrophobic tagging may be applied to a broad range of AMPs, particularly polar and highly charged ones. As exemplified, the approach also holds promise for enhancing biological peptide activities in a broader perspective. 
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